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Abstract: Grossberg’s classification of adaptive resonance mechanisms includes the cognitive-
emotional resonances that support conscious feelings and recognition of them. In this regard, a
relevant question concerns the processing of signals deriving from the internal body and their con-
tribution to interpersonal synchronization. This study aims to assess hemodynamic inter-subject
coherence in the prefrontal cortex (PFC) through functional near-infrared spectroscopy (fNIRS) hy-
perscan recording during dyadic synchronization tasks proposed with or without a social frame and
performed in two distinct interoceptive conditions: focus and no focus on the breathing condition.
Individuals’ hemodynamic data (oxygenated and de-oxygenated hemoglobin (O2Hb and HHb,
respectively)) were recorded through fNIRS hyperscanning, and coherence analysis was performed.
The findings showed a significantly higher O2Hb coherence in the left PFC when the dyads performed
the synchronization tasks with a social frame compared with no social frame in the focus condition.
Overall, the evidence suggests that the interoceptive focus and the presence of a social frame favor
the manifestation of a left PFC interpersonal tuning during synchronization tasks.

Keywords: interoceptive attentiveness; hyperscanning; fNIRS; lateralization; inter-brain coherence;
interpersonal synchronization; social frame

1. Introduction

The term “social interoception” was introduced in the literature to describe the link
and the potential influence of interoception (the process by which our brain receives and
processes information derived from our body [1]) on a number of social processes, such as
self-other differentiation [2], social cognition, social isolation and connectedness [3], and
emotional experience [4–6].

The ability to intentionally focus attention on one’s body signal for a determined
span of time is defined as “interoceptive attentiveness” (IA) [7,8]. Weng and colleagues [9]
showed that it is possible to modulate IA to observe positive outcomes in an individual’s
emotional and cognitive health. However, there has been little neuroscientific research
conducted to date on how manipulating interoception can impact the interpersonal syn-
chronization processes. Turn-taking, mimicry, and non-verbal social communication [10],
as well as time and content synchronization [11], can be included in interpersonal synchro-
nization processes.

Previously, single-brain studies were carried out to investigate the neural correlates
of IA manipulation (operationalized as focused on breathing) on the inter-personal syn-
chronization necessary for performing joint tasks [12–15]. In two recent studies, functional
near-infrared spectroscopy (fNIRS) was used to record the oxygenated hemoglobin (O2Hb)
changes during joint tasks involving motor and cognitive synchronization, while the
participants were required to concentrate on their breathing to better understand the hemo-
dynamic correlates of IA manipulation in interpersonal synchronization [12,14]. In the
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first study, the induction of explicit focus on breathing during a socially framed motor
task requiring synchronization increased the responsiveness of the prefrontal cortex (PFC),
which is involved in sustained attention, reorientation of attention, social responsiveness,
and synchronization. In the absence of a broader and more explicit social frame, this effect
was not significant in the motor task [14].

The PFC was shown to play a significant role in high-order functions, including social
and cognitive functions, motor control, and attention. Grossberg [16] recently proposed
an increasingly comprehensive attentive brain architecture in his predictive adaptive reso-
nance theory (pART) and assigned to the PFC the control of high-order functions, including
working memory, learned plans, predictions, and optimized action. As a part of a larger
interoceptive network [17], the PFC is also crucial in initiating and maintaining focused
attention on a target while regulating internal and external interferences [18]. Furthermore,
the PFC supports sustained attention to breathing by increasing individuals’ awareness of
the mind wandering and enables them to bring their attention back to breathing [19]. Addi-
tionally, it has been associated with social functions, such as fully aware motor control and
the ability to adapt to shifting rhythmic patterns [20], and also interpersonal coordination
and cooperative interactions [21,22].

In the second fNIRS study, hemispheric lateralization was reported with an increase in
O2Hb in the right PFC when intentional attention toward breathing was induced during a
cognitive synchronization task, namely a linguistic task [12]. According to previous studies,
the right PFC appears to support the execution of IA tasks [6,23,24] and sustained and
goal-directed attention [18].

Although the above-mentioned fNIRS studies were the first to describe the effect of
IA manipulation on individuals completing motor and cognitive tasks in synchronization
with another partner and aiding in identifying the role of the PFC in this phenomenon at
the intraindividual level, one obvious shortcoming consisted of the lack of assessments of
the interactional dynamics between the two members of the dyad.

With the development of the hyperscanning paradigm [25], numerous works have cal-
culated inter-agent synchronization and inter-brain coupling metrics that reflect the degree
of social attunement based on the simultaneous recording of behavioral and hemodynamic
responses from various agents involved in a joint task or a social exchange [22,26]. For
instance, this made it possible to investigate how dyads’ inter-individual brain synchroniza-
tion changes depending on whether the participants are collaborating or competing [27,28].

In addition, hyperscanning studies were extensively used for deepening synchro-
nization mechanisms during motor [29–31], linguistic, and cognitive tasks. Naturalistic
paradigms including verbal collaboration and turn-taking have revealed a lateralization
effect, with right-sided activations of the dorsolateral PFC and temporal areas [32].

However, it has also been established that the setting of the interaction affects inter-
brain synchrony. For example, facing the interacting partner appears to improve inter-
brain synchrony, as evidenced by more simultaneous increases in activity within the left
inferior frontal cortex and the right temporal parietal junction (TPJ) in subjects who were
singing [33] or playing interactive games while facing each other as opposed to a wall [34].
Additionally, face-to-face interactions showed increased inter-brain synchrony, but back-to-
back ones did not [35].

Furthermore, inter-brain synchronization in the left PFC was discovered to predict the
effectiveness of teaching, highlighting the significance of shared attention for the accom-
plishment of shared objectives [36]. Greater inter-brain synchrony in the left frontopolar
region was also found in dyads with different social experience [37]. In regions connected
to the social alignment loop, such as the left inferior frontal cortex, behavioral alignment
was found to be mediated by inter-brain synchrony [38].

Nonetheless, these hyperscanning studies did not manipulate IA when individuals
performed the tasks in synchrony. Moreover, the social framing was not explicitly empha-
sized. Therefore, it is also interesting to determine the impact of these two variables on
intercerebral coherence in terms of lateralization.



Information 2023, 14, 58 3 of 13

With reference to the influence of a social frame on synchronization performance,
before it was shown how, during a real-person, joint-tapping hyperscanning experiment,
interpersonal sensorimotor performance and interbrain synchrony in the left TPJ was
greater in a bidirectional than in a unidirectional condition, indicating the social effect of a
more cooperative condition [39] or suggesting a potential neural mechanism for selective
tuning in to a target speaker while tuning out others [40]. Additionally, as stated above, the
presence of an explicit social frame during a motor synchronization task, executed while
paying attention to breathing, augmented the O2Hb values in the PFCs of individuals [14].
Thus, it may be argued that even basic exercises of synchronization, if explicitly socially
framed, may differently impact an individual’s inter-brain coherence. This research used
neural coherence indices to explore the hemodynamic correlates of between-brain intercon-
nectivity by using a two-person neuroscience paradigm. In former fNIRS hyperscanning
experiments, coherence indices were used to examine the synchronization of brain rhythms
during cooperative and competitive joint activities [22,26,41,42], social exchanges [43], and
gesture observation and reproduction [44].

Therefore, the primary aim of the present study is to assess hemodynamic inter-
subject coherence through fNIRS hyperscan recording during dyadic synchronization tasks,
proposed with and without a social frame and performed in two distinct interoceptive
conditions. Specifically, the experimental design examines two distinct conditions of
presence and absence of interoceptive focus (i.e., when the attention of the participants is
focused on breathing versus not focused on breathing), the specific synchronization task
performed by the participants (cognitive versus motor), as well as the social frame applied
at the beginning of the synchronization task (that could be socially framed or not).

Given previous evidence, we hypothesized observed higher inter-brain coherence in
the PFC of the dyads during focusing on breathing compared with not focusing on the
breathing condition for both synchronization tasks [12,14].

Secondly, regarding social frame manipulation, we expect to observe an increase in
the inter-brain coherence effect for socially framed synchronization compared with non-
socially framed synchronization. It is also supposed that an increased effect in response
to the motor compared with the linguistic synchronization task will be present, given the
effect of the social frame we previously observed specifically for the motor task in our
previous research [14].

Thirdly, as indicated in the literature reported above, we aim to observe a potential
lateralization effect even in terms of inter-brain coherence, with a potential right hemisphere
lateralization effect connected to interoceptive focus [12,23,24] and a left hemispheric
activation predominance for positive emotions derived from the synchronization.

Finally, taking into account that coherence indices were used before in fNIRS hyper-
scanning experiments to investigate PFC synchrony, we also intend to deepen whether
inter-subject hemodynamic coherence indices can be exploited as a reliable indicator of
dyads’ neural synchronization in this context (i.e., when the interoceptive attention to
breathing is manipulated).

2. Materials and Methods
2.1. Participants

A total of 32 university students were enlisted for the current fNIRS experiment using
a non-probabilistic convenience sampling technique (14 females; age mean = 27.1; standard
deviation = 3.19). Each dyad was composed of two individuals of the same sex matched
for age, and they did not meet before the experiment. We have previously estimated the
adequate sample size to detect medium effects via inferential statistics (f = 0.25), with the α

error probability set at 0.05 and with 0.80 power (G*Power 3.1 software [45]). The analysis
suggested that a total of 15 observations (i.e., in our case, dyads) would be sufficient. All
participants were right-handed and had normal or corrected-to-normal eyesight. The
criteria for exclusion included pregnancy, past meditative experience, severe physical and
chronic illnesses, convulsions, persistent pain, and any mental or neurological disorders.
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They signed written informed consent forms and willingly agreed to participate in the
study after being advised they would not receive payment for their contributions. The
Ethics Committee of the Department of Psychology (Catholic University of the Sacred
Heart in Milan, Italy) gave its approval for this study (2020 TD-a.a.2020–2021), which was
conducted in conformity with the Declaration of Helsinki.

2.2. Joint Synchronization Tasks Description

Two basic motor and cognitive synchronization tasks were adopted as joint tasks in
the current study.

The participants in the motor synchronization task had to synchronize and coordinate
their finger-tapping motion for three minutes with the other person in their dyad. The
participants were instructed to sit in a chair with their elbows resting on a table and their
dominant hand’s fingers spread about a centimeter apart. They were instructed to use all of
the fingers on their dominant hand to tap the table. They were not told to move at a certain
speed or to extend their fingers as wide as they could. All they had to do was ensure their
finger movements matched those of the participant sitting in front of them. The average
number of loops—measured as the total number of times a finger-tapping pattern was
repeated—was 60.

A modified version of the human-to-human alternating speech task was utilized for
the cognitive synchronization test, requiring the participants to syllabicate in unison with
the other participant in the dyad for a total of three minutes. The four syllables of “LA”,
“BA”, “CA”, and “DA” were to be spoken consecutively and alternately by the participants.
To pronounce a syllable at the same time, for example, when one member of the dyad
said “LA”, the other member should have paired the syllable by saying “LA”, and so
on. The speech patterns were not chosen in advance. Without any breaks, each language
synchronization task session lasted three minutes. The number of repetitions from “LA” to
“DA” in each loop throughout the course of the three minutes was at least 45.

These tasks were employed in prior single-brain investigations [12,14] and were used
for this hyperscanning study to ensure consistency in the experimental design.

2.3. Procedure and Experimental Manipulations

Each dyad was positioned such that the participants could comfortably interact with
each other face to face. The participants received procedural instructions before the experi-
ment started. They were informed that they were required to execute two joint synchro-
nization tasks following different experimental conditions in which IA was manipulated.

In the first condition, IA was purposefully controlled by instructing the participants
to concentrate on their breathing. The following directions were given in this focus on
breathing: “During this task, we ask you to concentrate on your breathing. Try to pay
attention to how you feel and whether your breathing changes as you complete the activity.”
The participants were not instructed to breathe at a certain pace. In contrast, no specific
instructions were given in the no attention to breathing condition, which was regarded as
the control condition, in which interoception was not manipulated, and the participants
were only instructed to complete the joint tasks. The same interoceptive manipulation was
used in earlier investigations to preserve the procedure’s reliability, and it was shown to
have an impact on the hemodynamic neural correlates [12,46].

For the social framing manipulation, we asked the participants to perform the same
motor and cognitive synchronization tasks previously described, but they were socially
framed by specifying that they needed to synchronize in order to develop greater teamwork
skills. In this way, the absence of a social frame resulted from not emphasizing the sharing
of intention, whereas stressing the shared intentionality explicitly served to introduce the
social frame [14].

A 120 s baseline of each dyad member’s hemodynamic resting state was gathered
before the synchronization tasks began. The order in which the condition and the syn-
chronization tasks were performed were randomized and counterbalanced to prevent any
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potential biases brought on by sequence effects. After completing the activities, there was a
debriefing phase in which the participants rated their attention to their breathing, the other
person, and the task on a scale of 0 to 10. The entire experimental procedure took one hour
to be completed (Figure 1A,B).
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Figure 1. (A) Experimental procedure representing the setting for the joint task and (B) the fNIRS
hyperscanning acquisition from the dyad. To avoid an order effect, the task execution was randomized
and counterbalanced for the type of the task and the condition.

2.4. fNIRS Data Recording and Biosignal Data Analysis

The hemodynamic signal was recorded using a six-channel optode matrix of an
NIRScout System (NIRx Medical Technologies, LLC, Los Angeles, CA, USA). This system
measures fluctuations in the concentrations of oxygenated hemoglobin (O2Hb) and deoxy-
genated hemoglobin (HHb). Using an fNIRS cap, four light sources or emitters and four
detectors were placed over the scalp in line with the worldwide standard 10/5 system [47].

For the montage, four emitters were installed at AF3, AF4, F5, and F6, and four
detectors were installed at AFF1h, AFF2h, F3, and F4. The emitter-detector distance for
consecutive optodes was kept at 30 mm, and two wavelengths of near-infrared light were
used (760 and 850 nm). Six channels were acquired using this optode configuration: Ch1
(AF3-F3), Ch2 (AF3-AFF1h), and Ch3 (F5-F3), which corresponded to the left PFC, and Ch4
(AF4-F4), Ch5 (AF4-AFF2h), and Ch6 (F6-F4), which corresponded to the right PFC [6,48]
(Figure 2). The sources, detectors, and space between them were placed in relation to
the underlying functional region and the most appropriate Brodmann area according to
online atlases [49,50].

2.5. Hemodynamic Data Reduction

NIRStar Acquisition Software (NIRx Medical Technologies LLC, 15 Cherry Lane, Glen
Head, NY, USA) was used to continuously record the fluctuations in O2Hb and HHb
concentrations during an initial 120 s resting baseline and the tasks. The signals from the
six channels were collected at a sample rate of 6.25 Hz and then extracted and converted
with nirsLAB software (v2014.05; NIRx Medical Technologies LLC, 15 Cherry Lane, Glen
Head, NY, USA) based on their wavelengths and positions, producing mmol mm values
that corresponded to the variations in the concentration of O2Hb and HHb per channel.
Each channel’s acquired raw O2Hb and HHb data were digitally band-pass filtered at
0.01–0.3 Hz [41,43].
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Both during the experimental phase and the signal analysis, raw time series were
visually reviewed subject by subject to identify noisy channels caused by motion artifacts or
amplitude variations (criterion for rejection: amplitude of hemoglobin (Hb) signal above or
below ±5 SD; visual inspection). Artifacts caused 3% of the data to be removed. Channels
with poor optical coupling and lack of heartbeat oscillations at 1 Hz were disregarded
during this visual evaluation. Additionally, a linear-phase FIR filter on respiration was
applied (0.3 Hz), which produced a symmetric impulse response [51,52].

Both during the experimental phase and the signal analysis, raw time series were
visually inspected subject by subject to identify noisy channels caused by motion artifacts
or amplitude variations. Here, 3% of the data were removed for artifacts.

The mean concentration of each channel for the tasks was determined following
biosignal analysis. Based on the mean concentrations in the time series for each channel
and subject, the effect size in each condition was calculated.

The effect sizes (Cohen’s d) were calculated by dividing the difference between the
baseline and trial means by the baseline standard deviation (SD) such that D = (m1 m2)/s,
where m1 and m2 are the mean concentration levels for the baseline and trial, respectively,
and s is the baseline SD. The effect sizes from the six channels were averaged in order to
increase the signal-to-noise ratio. While raw fNIRS data were initially relative values that
could not be directly averaged across people or channels, and the normalized effect sizes
were averaged regardless of the unit, since the effect size is unaffected by the differential
pathlength factor (DPF).

For the statistical analysis of the fNIRS data, the channels were grouped to compose
the lateralization factor for the left (Ch1, Ch2, and Ch3) and right (Ch4, Ch5, and Ch6)
hemispheres, corresponding to the left and right PFCs.

2.6. Coherence Value Analysis

A first analysis was conducted to obtain the inter-brain coherence by computing
the partial correlation coefficient Πij for each dyad, applied to each channel and to the
lateralization factor for both the O2Hb and the HHb. These indices were obtained by
normalizing the covariance matrix’s inverse:

Γ = Σ − 1

Γ = (Γij) = Σ − 1 inverse of the covariance matrix
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This analysis permits evaluating the relationship between two signals (i, j) independent of one
another [53], and it was previously applied often in earlier fNIRS hyperscanning research [22,54].

2.7. Statistical Analysis

A second step of analysis was applied to the coherence values, considered as depen-
dent measures of a repeated measures ANOVA with independent within the factors of
condition (two: focus on breathing or no focus on breathing) × task (two: motor or cogni-
tive) × lateralization (two: left or right) × frame (two: not social or social). For this analysis,
IBM SPSS Statistics (version 25) was used. For all ANOVA tests, in case of significant ef-
fects, pairwise comparisons were conducted to explore the significant interactions between
simple effects, and the Bonferroni correction was applied to lessen the possible bias of
repeated comparisons. The degrees of freedom for all ANOVA tests were adjusted using
the Greenhouse–Geisser epsilon where required. Using partial eta squared (η2) indices, the
magnitudes of the statistically significant effects were calculated.

3. Results

Two sets of results corresponding to the two analyses performed on the hemodynamic
dependent measures will be described below. The first step of analysis included the appli-
cation of coherence analysis for each dyad. The second step concerned the application of an
inferential statistical ANOVA test to the coherence values considered dependent measures.

3.1. First Step: Coherence Results

For the first step of analysis, we found the computed coherence values for each
fNIRS channel in each experimental condition for both the O2Hb and HHb. A successive
coherence analysis was applied to the lateralization factor for the left and right hemispheres,
which were calculated as the average of the homologous channels for both the O2Hb and
HHb, respectively. However, due to the limited significant values of coherence for the
HHb, only the results for the O2Hb were considered and reported. In the graphs below,
we have reported for this first step the mean trend of the coherence index for each dyad of
participants (Figure 3A–D).
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3.2. Second Step: ANOVA Results

The ANOVAs applied to the inter-brain coherence indices as dependent variables
for each dyad revealed significant effects for the D values of the O2Hb hemoglobin. The
following paragraphs report the significant results obtained for the ANOVAs.

A first significant main effect was observed for the lateralization (F [1, 15] = 7.09,
p = 0.01, η2 = 0.421), for which higher coherence for the O2Hb values was observed in the
left compared with the right hemisphere.

Secondly, an interaction effect was detected for condition × task × lateralization
(F [1, 43] = 8.09, p = 0. 01, η2 = 0.498). The pairwise comparison revealed an increase in
coherence of the O2Hb values in the focus condition for both tasks (motor and cognitive) in
the left compared with the right hemisphere (motor: F [1, 15] = 8.56, p = 0.01, η2 = 0.442;
linguistic; F [1, 15] = 8.11, p = 0.01, η2 = 0.432).

Then, a third interaction effect was found for condition × task × lateralization × frame
(F [1, 82] = 7.89, p = 0.01, η2 = 0.432). A pairwise comparison revealed an increase in coher-
ence in the left hemisphere when the participants in the focus condition performed the mo-
tor synchronization task with a social frame compared with no social frame (F [1, 15] = 8.98,
p = 0.01, η2 = 0.408) (Figure 4A). According to the pairwise comparison, greater coher-
ence was observed in the left hemisphere when the participants in the focus condition
performed the cognitive synchronization task with a social frame compared with no social
frame (F [1, 15] = 8.04, p = 0.01, η2 = 0.391) (Figure 4B).
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Figure 4. Mean coherence indices for the cognitive and motor synchronization tasks. All asterisks (*)
mark statistically significant differences, with p ≤ 0.05.

4. Discussion

In the present work, the hemodynamic interpersonal attunement of healthy partic-
ipants during synchronization tasks with and without a social frame was explored and
executed in two different experimental conditions. In particular, these tasks were executed
in the presence or absence of explicit focus on breathing as interoceptive (IA) manipulation
conditions. A social neuroscientific hyperscanning approach by fNIRS was applied to allow
the recording of participants’ hemodynamic responses related to the motor and cognitive
synchronization tasks presented with or without a social frame. For the fNIRS signal, an
analysis of the coherence indices and a comparison of the fNIRS coherence’s strength for
the conditions, tasks, and homologous PFC channels were performed.

The coherence analysis was computed to check the inter-subject neural hemodynamic
coherence between the dyads for the left and right hemispheres considered in each experi-
mental condition.

First, it was chosen to report the main significance results in graphs to describe the
trend of synchronization within the dyads. In former fNIRS hyperscanning experiments,
coherence indices were used to examine the synchronization of the hemodynamic signal
during cooperative and competitive joint activities [22,26,41,42], social exchanges [43], and
gesture observation and reproduction [44]. At the methodological level, the results of the
present study proved that inter-subject hemodynamic coherence indices can be exploited as
a reliable indicator of dyads’ PFC tuning in this context, specifically when there is a focus
on breathing and the social frame is manipulated.
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Moreover, some relevant and significant outcomes were detected. In general, higher
coherence for the O2Hb values was observed in the left compared with the right hemisphere
when the participants were executing both synchronization tasks (motor and cognitive).
This effect was especially observed during the condition of focusing on breathing (i.e.,
the interoceptive condition). Additionally, greater coherence for the O2Hb values was
observed in the left hemisphere when the participants in the focus condition performed
both synchronization tasks with a social frame compared with when they executed the
same tasks without an explicit social frame.

The higher inter-brain coherence in the left compared with the right PFC observed for
both synchronization tasks in the interoceptive condition can be explained by taking into
consideration the role of the left PFC in synchronization. In fact, former studies reported a
right hemisphere lateralization effect connected to interoceptive focus [12,23,24]. However,
they did not apply IA to social synchronization tasks. Therefore, a possible explanation for
this apparently counterintuitive result may consider the left PFC’s role in relation to the
positive impact of synchronization.

Past hyperscanning research on cooperation exploited fNIRS to assess subjects’ brain
activity during a cooperative dual task [41] which adopted the same computation for neural
coupling. The fNIRS results revealed increased brain PFC activity and higher synchroniza-
tion over the left PFC after feedback, in line with the perception of a positive dynamic of
social synchronization and compatible with positive emotions and approach-related moti-
vations. This finding can be explained by considering the left PFC’s “emotional relevance”
in comparison with the right PFC. As was previously noted, approach motivation, the
capacity to control negative emotions, and general well-being are all correlated with the
frontal cortical asymmetry favoring the left hemisphere [55–58]. According to converging
data from evolutionary psychology and developmental research, cooperation is psycholog-
ically gratifying for the individual, and as a result, during cooperative conditions, frontal
reward-processing regions may be more active than other cortical areas.

Therefore, it may be plausible that the synchronization per se, together with IA, may
promote the left PFC’s neural synchrony in dyads. Nonetheless, the effect of interoception
on PFC lateralization, particularly during social processes, needs to be further explored in
future studies.

Furthermore, this PFC left-lateralized synchrony was not only associated with the
interoceptive condition but also with the social framework (compared with no social
framework) for both synchronization tasks (motor and cognitive).

The PFC, together with the TPJ, has been previously considered a neuroanatomical
region belonging to the so-called “mutual attention system”, whose main characteristic is
the mutual and synchronized activation aspect [40]. In particular, inter-brain synchrony in
the left PFC was also found in several previous hyerscanning studies during simultaneous
singing [33], face-to-face conversations [34], shared attention for the achievement of mutual
goals [36], and also during a real-person, joint-tapping hyperscanning experiment in a
bidirectional rather than unidirectional condition, indicating the social effect of a more
cooperative condition [39] or suggesting a potential neural mechanism for selective tuning
in to a target speaker while tuning out others [40]. Therefore, the present study adds to the
existing body of knowledge evidence that even basic exercises of synchronization, which
are also explicitly socially framed, may increase an individual’s inter-brain coherence in
the left PFC.

Interestingly, different from what was hypothesized in our second hypothesis, no
differences were observed between the motor and cognitive synchronization tasks, since
the increased effect of coherence in the left PFC was detected for both tasks in the condition
of focusing on breathing when the tasks were socially framed compared with not being
socially framed. This result suggests that the effect of the synchronization and the social
frame affects both the motor [14] and cognitive synchronization.

Such evidence is also crucial from a neuroanatomical perspective, since the involvement of
the left prefrontal areas has been associated with interoception during social synchronization.
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While this study demonstrated the relevance of coherence indices as a marker of
the focus on breathing as an interoceptive condition and of social frame manipulation in
synchronization tasks, it also presents some limitations. In fact, given the focus of this study
on the PFC, fNIRS channels were applied on the frontal locations only without covering
the whole scalp, which would have included somatosensory cortical regions and other
relevant structures, such as the TPJ. Future research should focus on these structures’ roles
in interoceptive processing [7] and social synchronization [39], respectively.

Furthermore, this basic research adopted some simplistic synchronization tasks that
just required finger tapping or alternate syllable pronunciation. Future studies could (1) uti-
lize more ecological and complex joint activities, such as dancing, playing an instrument,
or communicating in a live interactive speech, as previously performed in prior hyper-
scanning studies, and (2) integrate multi-level measurements of the empathic resonance
mechanisms, such as facial behavior analysis (to explore participants’ facial feedback) [59]
and self-reported measures, such as a scale to measure empathic behavior (e.g., the Bal-
anced Emotional Empathy Scale) and individual differences in approach or avoidance
motivational tendencies (e.g., the Behavioral Inhibition and Activation Scale) [60], to gather
the complexity of this phenomenon. Moreover, an impfigureortant effect may be suggested
for the gender factor in relation to the social synchronization. Indeed, as shown by Cheng,
Li, and Hu (2015), “the presence of a homogender of a heterogender dyad” may modulate
interbrain activity, and future enquiries could be formulated about the role of gender on
the joint cognitive and brain strategies.

Finally, to increase the ecological validity of the findings, participants could receive
less artificial and more contextually related instructions for the social frame.

5. Conclusions

Overall, this hyperscanning research shows how manipulating IA, which is attained
by concentrating on breathing, and the social frame in a dyadic condition enhances the
emergence of hemodynamic indicators of interpersonal tuning in the left PFC during ba-
sic synchronization tasks. The increase in coherence in the left PFC can be considered a
neuroanatomic marker of the combination of IA and social synchronization. This evidence
opens the way to also considering in Grossberg’s pART model the contribution of intero-
ception on high-level cognitive and emotional functions and on resonance mechanisms.

To the best of our knowledge, this is the first time that the effect of IA and the
social frame on inter-brain neural synchrony has been explored during an interactive
social dynamic involving two individuals. This experiment contributes to increasing the
knowledge relating to those studies within the category of “social interoception”, which
intends to investigate the impact of interoception on social dynamics and processes.
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